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L INTRODUCTION

The research described in this final report involves the development of a new clm of

holographic materials. These materials exhibit two-photon photochemistry and thus are

quadratic in their photochemical response to the intensity of the two recording laser beams.

Unlike other previously suggested two-photon systems, the systems we have been developing

can be used with milliwatts as opposed to megawatts of laser power. The holographic

material consists of a photoactive organic molecule embedded in a polymer host. Grain free

holograms can thus be recorded and no development or fixing step is necessary.

The quadratic nature of the photochemical response of the system offers several

substantial advantages. First, consider the simple case where an attenuated beam is used to

read the hologram. For a one-photon linear holographic material, the reading beam erases i
the hologram at a rate that is reduced from the writing rate by a factor that is equal to the

ratio of the intensities of read and write beans. Two-photon systems respond, on the

otherhand, to the square of this ratio. The deleterious effect of hologram erasure during

reading is thus greatly reduced in these systems.

A second significant advantage is that in some cam it is possible to produce holograms

in two-photon materials using two different wavelengthso loght. The first wavelength can

be viewed as switching on or gating the hologram formatio proce It does not Itself

produce a hologram. The second wavelength, which does produce the hokgram, may be in
Sion For

the infrared, making it possible to produce hologram that ae compatible with GaAs, HeNe RA&I
TAB

or Nd:YAG lasers. Furthermore, smince no -Ltoemlsy Is prodmi In the abeoam ct the ounOOd
fioatin

first wavelength, there Is no ensure of the hologrm during the read ste Sim no lt

need be absorbed by the material during readout, this type at systen bs ud for tbuti
AvalIablIty 1

D -
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In this report, we summarize the work in this area has been done under Contract

DAAG29-82-C-O00. As described in the original proposal, work has focused on four

different areas:

(1) Investigtion of new two-photon holographic materials, particularly ones with

higher maximum holographic efficiency.

(2) Demonstration of gating of the holographic recording process using an auxilary

light source.J

(3) Development of two-photon holographic materials which respond to infrared laser

wavelengths and their application in gated holography.

(4) Production of simple holographic optical elements using these materials.

The next two sections provide a brief summary of the results obtained during the

tenure of this contract. Section IV is a list of papers that have been or will be published

which provide more of the technical details.

IL TECHNICAL REPORTS

Moat holographic recording materials utilize photochemicul reactions in which the rate

of product formation depends linearly on laser light intensity. It can be shown that the

overall rate constant k for product formation is proportional to the molar etnio

coefficient a and is linear In laser Intensty I:

Sk € .1. (1)

Now amder usino such a twe4evl ndblum for hdalaplc ramdIng Sc an e pubnt

is dmon shmW ly In FI& 1. Nomaly the mst m wne w*a be atth a

wavength as the object and tdr n wave. This nmau. ht the m im inm i wma

half m oduce p hem y. WI patchml i wE iel In a , m of

.47
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the hologram. There are two ways of eliminating or minimizing the effect of easure during

reading for one-photon materials. The first, and les satfactory method, is simply to reduce

the reading light intensity so that the p that occurs during reading i reduced to

an acceptable level. Ths is, of course, Impractical when the hologram is meant to be

semi-pemrmnent. The most commonly used method of eliminating erasure Is to fix the

holographic image pemwanently. Ths is done in dichromated gelatin and silver halide film

by wet chemical proceumas

Another disadvantage of one-photon materials arises when one considers extending

their sensitivity into the red and infrared regions. All of the energy used to produce

photochemistry must come from the absorbed photons. Very few systems undergo efficient

photochemistry in the red or Infrared, and those few systems that do also tend to be

thermally unstable.

Many of the problems with the one-photon systems are either not present or are

significantly reduced in importance when the hologam fanning photce mcal pro

* involves the abxption of two or more photon. Previous nvestiator have employed a

two-photon thre-level system. In a three-level sysem, the rerding medlumn is

simultaneously exposed to radiation at two different optical frequencies w I and 02 with

Intensities ii and h2. The rate constant k for pmduct famation Is now given by

k a g1llj g 2v (2)

where an a e2an the respective mola extinction coefficients at the two frequces w

an w2- r Is the lifetime of the Intermediate atL

Consider the .1mphl 5w1 w l -1.  p1ot o ilris then mrpotin to

I. Any eduction 10 th las 10Itesty dwig reng woul ha Us effec I

OW,4
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erame reduced by the square of this factor. In addition, the energy to produce

photoc istys now supplied by two las photons and it shouk not be difficult to find

thermally stable two-photon systems that could be used with red or infrared radiation.

Perhaps a more Interesting case is when w1>t2- The medium is illuminated by

reference and object beams at a frequency w2, as well as by an additional uniform and not

necessarily coherent beam at w V" Holograms formed using this approach have several

advantageous properties. As for the case where w 1 -2, these materials can be written with

red or Infrared lasers. Most of the energy needed to produce photochemistry is supplied by

the w I photon which can be in the ultraviolet Another important advantage is that the

-recording medium is sensitive to the o2 radiation only when w 1 radiation is present. Thus,

during the reconstruction of the image for readout, no additional deleterious exposure of the

recording medium takes place. Also, temporal or spatial gating of the recording can be

a achleved by masking or modulating the w 1 beam.

The first demonstrations of two-photon holographic recording were in LINb0 3 and

KTh (KTa.ANbl.O.03), where the recording proces was the multi-photo photorefacve

effect. This effect involves the excitation of carriers within the crys"a lattice to produce a

mucraecepic poarization change that induces a molulation of the index of refraction via the

decto-optic effect. 7he major dindvantage of thes materials is the lack of real

nienedite eerlly levels between the pound and finl states. Sinc the resonant

en~anmnm frm them Itemediat, levels is not present, the twophto. absorpton

a m ,OOmu week aed pek lip mre intensities gruw thM S MW/rC 2 aM

hamin. A fasw d 100 haprovemet In wnivity was dommated by d, opfit

J24bO% mrpud wsth Ct*3, tIhMby eom t the Interndat lev hm a vk o ta fed



level with a 500 us lifetime. Th. resulting sensitivity, however, was still aveal orders of

magnitude too low for cw two-photon holography.

ft can be shown that no three-level system can be sensitive enough to be used for

holographic recording with cw laser.. Ibis can be see qualitatively by considering the role

played by the intermediate state. For optimum production of ptceialproducts, oam

wants the population in this state to be as large as possible. This means that the extinction

coefficient e I should be large and the lifetime r of this state should be long. However, thesm

other. Thlere is thus an upper limi t to the rate k that one can obtain for a three-level

two-poo quanttem.o needn ic ieiead bopinsrnt r eae ec

To podue tw-phtonholographic system that can be used with cw lase sources,

one must circumvent these constraints. One way of doing this is to use a two-photon

four-level system. In this case, there are now two Intermediate levels. The level directly

excited by radiation may have a large oscillator strength with respect to transitions from the

groundl state, while the sen Intermediate level may have a long lifetim It thus should be

possible to find a two-photon four-level system with which one can produce holograms using

only a few millfwatta of ew lase POWer.

A variety of organic material have such enew level systems. The first two states are

srmind state and -n excited don&e state of the molecule, respectively.Th other two states

my be ground and elcted owane of an mmi fam of the molecule or they can be excited

tripet staes

1I bap ph', system that we have: as thoroughl investigated in this context is

blsacyl On no Nit In a polymer bw mti T1e relevant almoptia.Ow dpst f bet3l as
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shown in Fig. 2. The initial photon excites the blacetyl molecule from its ground state to an

excited singlet state Sn. This can be done according to the figure, provided the exciting

wavelength is shorter than 500 nm. The second photon produces the hologram by exciting

the biacetyl from T14T. This occurs If the second wavelength is between 600 and 1100

nm. The hologram is produced as a result of a photochemical reaction that occurs from Tn.

The matrix in which the biacetyl was dissolved for these holographic experiments was a

polycyanoacrylate polymer. Irradiation at w 1 was provided in the UV by a medium pressure

Hg-lamp The infrared source at w2 was a Kr+ laser operating at 752 nn. At time tO,

only the IR source illuminates the sample. Since this light is not absorbed by a ground state

blacetyl molecule, no hologram is produced. When the UV source is turned on hologram

formation begins. When it is turned off, the hologram growth is gated off. Holograms

formed in this way require no chemical development step. They are "developed" simply by

turning off the UV source.

We will next discus several applications of four-level two-photon infrared hologrh

materials. The most fanliar application for materials of this type is In the production of

three-dimensional Images. The recording of an extended Image using the

blacetyl/polycyanomcrylate system Is shown in Fg 3. The holoram was produced and

reontucted at 72.5 rAu.

The advantage of recording extended holoaphic bms In this way Ies In the,

pOMinty of spatially or temporarily gating the Pr - By qatally . taf holoa am

fomaton, e can Imine the Pioduction of hologmphic movie with hum to fhame

amosures gated on and off with the UV sour . Temporal etin, of muse pov the

p09Mtia for recording helopn at pues well-dined insant In tame.
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In the future, holograms will probably be most widely used for the production of a

variety of kinds of optical elements for the deflection and focusing of light. Holographic

optical elements (HOEs) utilize the fact that a hologram is capable of transforming a family

of incident waves. The slinples example of HOE is the holographic grating formed by the

interference of plane object and reference waves. Another example is the holographic lens

that is formed by the interference of a spherical object wave with a spherical or plane

reference wave. Figure 4 shows the recording geometry for the production of an off-axis

holographic lens.

* The fundamental advantage of HOEs is that a complex and expensive optical system

can be replaced by a cheap and simply fabricated piece of plastic. This is a particularly

important consideration when one wishes to use the HOE with an inexpensive injection diode

laser.

Fgure 5 illustrates the results of the production of a holographic lens in the

bicetyl/polycyanoacrylate system. The hologram was produced at 752.5 nm. Posltion,1 is

near the lens focal point and Position 2 Is beyond that point. One clearly sees the focusing

effect of the HOF. The hologram was recnstructed at both 752.5 and 799.3 nm. It is clear

in both cam that the HOE operates as a focusing element. It is also apparent, however, that

the focal point Is mat as shaMrp for reconstruction at 799.3. This illustrates the hnportance

point that the Imge quality and diffraction efficiency degrade as the recn struction

SwveeMg departs from the wavelength of the original object and reference wavm .

As a finl ample of the use of the infrared ho ram recording technique dmRib

above, we conMder the fabricatim a integrated optical device. The general prl l Of

mthee dov I Is llustrawd In ft . TL two iterfurn Infe bem Msa t Imde a
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narrow dielectric waveguide formed from a thin blacetyl/polycyanoacrylate layer between

glas plates Since the infrared beams are confined within a several micron thick dielectric

layer, power densities can be quite high. Input.powers of a few milliwatts can result in

waveguide power densities of a few kilowatts/cm2. This Is particularly important for the

two-photon four-level materials that tend to have low recording sensitivities.

A hologram can be formed at the intersection between the two infrared beama and a

UV beam as shown in Fig. 6a. An example of an integrated optical device fabricated in this

way is the directional coupler shown in Figs. 6b and 6c. In these photographs, one is looking

down on the glass plates from above. The infrared light that is observed is scattered from

defects in the recording layer. In Fig. 6c, the directional coupler is illustrated. A portion of

the input beam is coupled by the device into another direction.

IlL SUMMARY OF RESULTS

The work under this contract was directed in the four areas outlined in Section 1. The

results In each of these areas are summarized below:

(I) Two photon holograms have been recorded at a variety of wavelengths with

efficiencies that approach the theoretical limit of 70%.

(2) Gating has been observed In a variety of pbotochemcal systems.

(3) The blacetyl photochemcal system can be used for recording pted holograms

with wavelengts in the near infrared.

(4) A varlety of hloapi optc elements have been Podce Using the

baeetyl/pcyqano.crylate system

The major am for future work Is the improvement of the sensitivity of thme

two-phoon four-level holographc systems, It sti requires too much how pmo for them

- ].* .
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